Circadian clocks enable organisms to adapt to a 24 h diurnal cycle and anticipate rhythmic changes in the environment. The Arabidopsis central oscillator contains three genes encoding core clock components. CIRCADIAN CLOCK ASSOCIATED 1 (CCA1)/LATE ELONGATED HYPOCOTYL (LHY) and TIMING OF CAB EXPRESSION 1 (TOC1) reciprocally repress genes encoding each other and are critical for the generation of circadian rhythms controlling many clock outputs. A precise regulation of transcriptional events is, therefore, essential for proper circadian function. Here, we investigated histone 3 (H3) tail modifications of CCA1, LHY and TOC1 under various conditions. We found specific association of only H3K4Me3 and H3K9/14Ac with the translational start site of these three genes. These H3 marks were enriched at circadian time points of their increased transcription at different photoperiods and under free-running conditions, suggesting circadian regulation of H3 modifications. Analysis of clock-compromised CCA1-overexpressing lines provided evidence that light/dark photoperiods signal the establishment of these chromatin changes which are gated by the clock.
Introduction
Many organisms possess an internal oscillator that allows them to detect the time of the day and adjust several of their biological processes to a 24 h cycle. This circadian clock is able to anticipate certain rhythmic changes, such as the end/beginning of the day, and execute the appropriate physiological responses. There is evidence that a functional clock is required for increased fitness of an organism (Ni et al. 2009 ). Circadian mutants that are unable to match their internal free-running periods to the appropriate duration of the day show reduced fitness when compared with wild-type (WT) plants , Dodd et al. 2005 . Entrained by environmental stimuli, such as photoperiod and temperature, the circadian clock is comprised of several interconnected feedback loops that eventually control the rhythms of expression of output genes (Imaizumi 2010, Pruneda-Paz and Kay 2010) .
In Arabidopsis, the central oscillator relies on multiple interconnected loops that generate robust rhythms. At the heart of the central oscillator is a negative feedback loop between the morning expressed CCA1 (CIRCADIAN CLOCK ASSOCIATED 1) and LHY (LATE ELONGATED HYPOCOTYL) and the evening expressed TOC1 (TIMING OF CAB EXPRESSION 1 or PSEUDO RESPONSE REGULATOR 1). Recent reports have shown that similar to the other PRR family members (Nakamichi et al. 2010) , TOC1 also functions as a repressor, and in this capacity TOC1 binds to the promoters of CCA1/LHY to repress expression of the latter two genes (Gendron et al. 2012 , Huang et al. 2012 . CCA1 and LHY mRNAs accumulate at dawn, and their encoded proteins inhibit TOC1 transcription by binding to the evening element on the TOC1 promoter (Schaffer et al. 1998 , Wang and Tobin 1998 , Green and Tobin 1999 , Alabadi et al. 2001 , Alabadí et al. 2002 . Initial reports indicated that TOC1 mRNA accumulates at dusk and the protein indirectly promotes CCA1 and LHY transcription (Alabadi et al. 2001 , Alabadí et al. 2002 , Pruneda-Paz et al. 2009 ). However, the 12 h delay between the accumulation of TOC1 and the expression of CCA1/LHY was difficult to reconcile with this mechanism. Recently, TOC1 was shown to associate directly with the CCA1/LHY promoters and act as a repressor in early night (Gendron et al. 2012 , Huang et al. 2012 , whereas the other PRRs (PRR9, 7 and 5) maintain that repression throughout the day (Nakamichi et al. 2010) . In this new model, the Arabidopsis clock structure includes a Plant Cell Physiol. 53(12): 2016 Physiol. 53(12): -2029 Physiol. 53(12): (2012 doi:10.1093/pcp/pcs148, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com repressilator, a three-component negative feedback ring in which each member will repress the next one in the loop ). Members of the repressilator which connects the morning and evening loops were shown to repress each other sequentially as follows: (i) CCA1/LHY repress genes (LUX, ELF3 and ELF4) from the evening complex (EC) ; (ii) the EC proteins will repress PRR genes (Dixon et al. 2011 ; and (iii) PRRs (PRR9, 7, 5 and TOC1) will repress CCA1/LHY, thus closing the ring (Nakamichi 2011 . Although described initially in synthetic biology, the repressilator has also been proposed to function in animal clocks, where it accounts for a part of the whole central oscillator (Ukai-Tadenuma et al. 2011) . In summary, the interplay between these different components largely accounts for the generation of output rhythms. Proper circadian function therefore depends on accurate transcriptional regulation of these three core clock genes: CCA1, LHY and TOC1.
Work in the last two decades has highlighted the importance of chromatin structure in transcriptional regulation. Modifications of histone N-terminal tails have been shown to determine the degree of compactness of nucleosomes, thereby modulating the transcriptional status of a certain gene locus (Benhamed et al. 2006 , Feng et al. 2010 . Acetylation and methylation of specific lysines within histone 3 (H3) and H4 tails are some of the major processes involved in the generation of activating or repressive chromatin marks. Recently, such dynamic chromatin modifications have been associated with circadian clock function in animals (Etchegaray et al. 2003 , Naruse et al. 2004 ). CLOCK, a positive regulator within the mouse central oscillator, has been reported to possess histone acetyltransferase (HAT) activity (Doi et al. 2006 , Hardin and Yu 2006 , Nakahata et al. 2007 ). Moreover, this regulator is able to associate with MLL1, a mammalian homolog of Drosophila Trithorax with H3K4Me3 activity (Katada and Sassone-Corsi 2010, Masri and . Together, these findings suggest that circadian clock function comprises different layers of regulation, and dynamic changes in chromatin structure can be associated with the generation of circadian rhythmicity. Indeed, in Arabidopsis, TOC1 expression was shown to correlate with the accumulation of activating histone marks, such as acetylation, at the TOC1 promoter, an event that was inhibited by CCA1 binding (Perales and Más 2007, Stratmann and Más 2008) . However, the acetylated residues on the H3 tails were not mentioned, and contributions from other H3 activating or repressive marks to TOC1 expression were not investigated. Recently, H3 acetylation and H3K4Me3 were shown to associate with the transcriptional rhythms of CCA1, LHY and TOC1, whereas H3K36Me2 levels displayed a negative correlation with the expression of these three circadian genes (Song and Noh 2012) . Taken together, these reports provided the first insights into how dynamic histone modifications associate with the circadian waving patterns of genes constituting the central oscillator.
The final acetylation status of histone tails in nucleosomes is determined by the relative activities of HATs and histone deacetylases (HDACs). The transcriptional regulation of several light-responsive genes is controlled by TAF1 (HAT) and HD1 (HDAC) (Bertrand et al. 2005 , Benhamed et al. 2006 , Jang et al. 2011 . However, whether these acetylating/deacetylating enzymes also play a role in clock gene regulation has not been explored. On the other hand, recent reports have implicated Jumonji domain-containing protein JMJ30/JMJD5, with putative histone demethylation activity, as well as protein arginine methyltransferase 5, in circadian regulation (Hong et al. 2010 , Jones et al. 2010 , Lu et al. 2011 , Sanchez et al. 2010 . These results suggest a role for histone modifications in clock function, but the molecular mechanisms underlying this relationship remain poorly understood.
Here we investigated H3 modifications typical of repressive (K9Me2, K9Me3 and K27Me3) or activating states (K4Me3, K9Ac, K14Ac and K9/14Ac) associated with the three central oscillator genes CCA1, LHY and TOC1. We found enrichment of only H3K4Me3 and H3K9/14Ac in sequences surrounding the translational start site (TSS) of these three genes. Moreover, dynamic changes of these activating H3 marks tracked closely the transcriptional waving patterns in different photoperiods and under free-running conditions, suggesting circadian modulation of chromatin modifications. To evaluate further the role of the circadian clock in chromatin modification, we performed a similar analysis in CCA1-overexpressing (OX) plants which are compromised in clock function (Wang and Tobin 1998) . Under light/dark cycles, changes in activating chromatin marks associated with CCA1/LHY and TOC1 in the CCA1-OX plants mimicked the transcript profile of each gene, although with dampened amplitude. Under free-running conditions, however, there was hardly any enrichment of activating H3 marks associated with the three core clock genes in the CCA1-OX plants, and this paralleled the loss of oscillation of the corresponding transcripts. Our results suggest a mechanism in which photoperiod initiates the establishment of activating H3 marks within the TSS of the three core clock genes but these dynamic chromatin changes are gated and maintained by the circadian clock to restrict gene transcription to the appropriate times of the day/night cycles.
Results

H3 dynamics under short-day photoperiods
The central oscillator components CCA1, LHY and TOC1 display antiphasic transcription patterns. CCA1 and LHY transcripts peak in the early morning, whereas TOC1 accumulates at dusk (Stratmann and Más 2008) . We first used WT plants grown under short-day (SD; 8 h light/16 h dark) conditions to study changes in H3 tail modifications accompanying transcriptional changes of these three genes. Chromatin immunoprecipitation (ChIP) experiments were performed at 4 h intervals over one light/dark cycle using antibodies specific for seven different H3 modifications (K4Me3, K9Ac, K14Ac, K9/14Ac, K9Me2, K9Me3 and K27Me3). Four primer pairs were used for each gene, each of which interrogated a specific genomic region, as follows: primer pair 1 was specific for a region upstream of the TSS; 2 for the sequence around the TSS; 3 for the gene body; and 4 for the 3 0 untranslated region (3 0 UTR). Changes in H3 tail modifications at different times of the day were seen only with primer pair 2 which amplified the TSS regions of CCA1, LHY or TOC1 (data not shown). Fig. 1 shows that the most prominent changes were found with H3K4Me3, H3K9Ac, H3K14Ac and H3K9/14Ac antibodies, all of which detect marks associated with active transcription. No significant changes were detected with the three repressive marks, H3K9Me2, H3K9Me3 and H3K27Me3 (Fig. 1) , in agreement with earlier reports (Ni et al. 2009 ). More important, activating H3 marks associated with the CCA1 TSS followed a similar pattern to CCA1 mRNA accumulation under the same circadian conditions ( Fig. 1A; Supplementary Fig. S1A ). Similar results were obtained with LHY and TOC1 ( Fig. 1B, C ; Supplementary  Fig. S1A ). These results suggest that under SD conditions, activating H3 modifications that signal activated states are enriched at the TSS of central oscillator genes at times of active transcription.
Histone 3 activating marks associated with the TSSs of CCA1/LHY and TOC1 are circadian regulated Supplementary Fig. S1 shows that changes in CCA1, LHY and TOC1 transcript levels under different day lengths and in free-running conditions were basically similar to those published previously (Schaffer et al. 1998 , Wang and Tobin 1998 , Green and Tobin 1999 , Alabadi et al. 2001 . The oscillation pattern of CCA1/LHY transcript levels in seedlings grown under SDs peaked at the end of the night [Zeitgeber time (ZT) 20] and at dawn (ZT0), and was minimal at ZT12. Under long-day (LD) conditions (16 h light/8 h dark), the trough of CCA1/LHY expression was maintained at ZT12 but the peak was shifted at ZT0, showing a slight phase delay. In free-running experiments, SD-entrained seedlings were released into continuous dark (DD) for 48 h, whereas LD-grown seedlings were released into continuous light (LL) for the same period of time. As expected, CCA1 and LHY transcript levels oscillated with a phase similar to that seen under the original entrainment conditions but with decreased amplitude, which became more dampened under DD conditions ( Supplementary Fig. S1 ). On the other hand, TOC1 transcript levels showed a phase delay in seedlings grown under LD as compared with SD, similar to that reported previously and to PRR5 expression (Kiba et al. 2007, Perales and Más 2007) . Under free-running conditions, we found a decrease in the amplitude of TOC1 waving pattern, which was more pronounced under DD conditions ( Supplementary Fig. S1 ), especially on the second subjective day.
Next we investigated whether H3 modifications previously found in CCA1/LHY and TOC1 TSSs were under circadian control. Because the results obtained with the H3K9/K14Ac-specific antibody were similar to those obtained with antiH3K9Ac and anti-H3K14Ac, we performed subsequent analysis with anti-H3K9/K14Ac. Initially, we determined changes in activating marks (H3K4Me3 and H3K9/K14Ac) surrounding the CCA1 TSS, and examined the three other regions of the CCA1 locus as well (Fig. 2) . Fig. 2 shows that changes in H3K4Me3 and H3K9/K14Ac enrichment levels at the CCA1 TSS paralleled changes in CCA1 transcript levels in SD or LD and mirrored the slight delayed phase of transcript levels found in longer photoperiods. These modifications were specific of the TSS as they were absent in the other three tested regions (5 0 upstream region, gene body and 3 0 UTR). A similar enrichment in H3K4Me3 and H3Ac around the TSS of CCA1 and LHY has been recently reported even though seedlings were grown under 12 h light/12 h dark conditions and only two time points were investigated, ZT0 and ZT12 (Song and Noh 2012) . Our analysis also showed that the peak of H3K9/14Ac enrichment preceded that of H3K4Me3 at times when the CCA1 transcript level was maximal (compare Fig. 2B with F and C with G).
Under free-running conditions (LL and DD), these activating H3 marks overlapped with the time points of CCA1 active transcription, suggesting circadian regulation of these modifications, in agreement with recent results (Song and Noh 2012) ( Fig. 2; Supplementary Fig. S1 ). Moreover, under LL and DD, the waving patterns of H3K4Me3 and H3K9/14Ac modifications showed reduced amplitude with increased dampening under DD, similarly to the CCA1 transcript waving pattern ( Fig. 2; Supplementary Fig. S1 ). Overall comparison of H3 modification oscillation patterns revealed a greater enrichment of H3K9/K14Ac (12-to 18-fold) compared with H3K4Me3 (4.0-to 6.0-fold), resulting in higher amplitude of the H3K9/14Ac waveform. Similar results were also obtained with activating H3 marks associated with LHY TSS (Supplementary Fig. S2 ). However, H3K4Me3 associated with CCA1/LHY TSSs for an extended time when compared with H3K9/K14Ac. This effect was also reported for the TSS of LHY when H3K4Me3 and H3Ac marks were investigated by Song and Noh (2012) .
Because TOC1 expression is antiphasic to CCA1 and LHY, we also investigated changes in H3 modifications associated with the four different regions of the TOC1 locus under different circadian conditions. Similarly to CCA1/LHY, significant changes in H3 marks were found only in sequences surrounding the TSS (Fig. 3) . Notwithstanding its antiphasic expression, under SD and LD, changes in H3K4Me3 and H3K9/K14Ac enrichment closely followed TOC1 rhythmic expression, similar to previous results (Song and Noh 2012) . Moreover, the shift in the TOC1 transcription peak found in LD conditions when compared with SD conditions correlated with a delay in the peaks of H3K4Me3 and H3K9/14Ac marks associated with the TOC1 TSS (Fig. 3B, C , F, G; Supplementary Fig. S1A, B) .
Under free-running conditions, however, the changes in H3K4Me3 and H3K9/14Ac modifications associated with the TOC1 TSS did not completely overlap with the TOC1 transcript oscillation, in contrast to CCA1 and LHY (Fig. 3D , E, H, I; Fig. 1 Activating chromatin marks are associated with core clock genes, CCA1, LHY and TOC1 at times of their active transcription. (A-C) Sequences surrounding the translational start site region of CCA1 (A), LHY (B) and TOC1 (C) were interrogated in a 24 h period starting at dawn (ZT0). White and black boxes indicate day and night, respectively. ChIP was performed using antibodies against H3K4Me3, H3K9Ac, H3K9Me2, K3K9Me3, H3K14Ac, H3K9/14Ac or H3K27Me3. Control ChIP was performed without antibodies. Relative enrichment of the amplified region was plotted. Error bars represent the standard deviation (n = 3). 
(D, H) SD conditions followed by 48 h dark (DD). (E, I) LD conditions followed by 48 h light (LL)
. White and black boxes indicate day and night, respectively. Gray boxes represent subjective day (in DD) or subjective night (in LL). Supplementary Fig. S1C, D) . This was especially the case when plants were released into LL and analyzed for H3K9/14Ac modifications ( Fig. 3I; Supplementary Fig. S1D ). These results differ from those of previous reports (Perales and Más 2007, Song and Noh 2012) , although the H3Ac antibodies used in those studies were not specified but probably differ from those used here and the conditions of entrainment preceding the release into LL were not the same.
Taken together, our results show that H3K4Me3 and H3K9/ K14Ac marks associated with the CCA1, LHY and TOC1 TSSs displayed an enrichment waving pattern that mostly matched the timing of expression of those genes under the same circadian conditions. Moreover, the patterns of H3K4Me3 and H3K9/14Ac enrichment were still maintained under freerunning conditions, albeit with some dampening of the amplitude, indicating that these H3 tail modifications are regulated by the circadian clock.
The circadian clock and photoperiod mediate H3K4 tri-methylation and H3K9/14 acetylation
To obtain additional evidence of circadian regulation of H3K4Me3 and H3K9/14Ac marks associated with the three core clock genes and to distinguish the relative contribution of photoperiod and circadian clock function, we examined changes in these activating H3 marks in CCA1-OX transgenic plants. Previous work has shown that overexpression of CCA1 from a 35S promoter compromises clock function in CCA1-OX transgenic plants (Wang and Tobin 1998) . To determine the endogenous CCA1 transcript levels, we designed a specific primer pair to amplify the CCA1 5 0 UTR. We confirmed its specificity since in CCA1-OX plants grown under SD conditions the endogenous CCA1 and LHY transcript displayed a similar waving pattern to WT plants (peak at ZT0 and trough at ZT12) although with a reduced amplitude, and this rhythmic behavior was lost when a non-discriminating primer pair was used (Fig. 4A, B) . The WT results that are shown in Supplementary Fig. S1A were used again in Fig. 4A to allow comparison with the CCA1-OX results.
Confirming earlier reports, the circadian pattern of TOC1 transcript in CCA1-OX plants grown under SD showed a reduction in amplitude and a delay in the appearance of its peak (at ZT8 in Col-0 and ZT12 in CCA1-OX) (Perales and Más 2007) . Under LL, however, CCA1, LHY and TOC1 transcription was repressed and their typical circadian rhythms were lost (Fig. 4C) Tobin 1998, Perales and Más 2007) .
We monitored changes in H3K4Me3 and H3K9/K14Ac marks in CCA1-OX plants grown under SD and LL (Fig. 4D-G) . Similar to previous experiments, we tested the four different primer pairs for each gene, and the detailed results are presented in Supplementary Figs. S3 and S4. H3 enrichment was seen in the region related to the TSS that is detected by primer pair 2. These results are shown in Fig. 4 . In SD, the H3K4Me3 pattern associated with CCA1 and LHY TSS showed a delay of 4 h in the peak and trough when compared with the corresponding transcript levels. Although we detected a moderate oscillation in this pattern, there was some dampening of the wave when compared with the WT (Fig. 4D ; Supplementary Fig. S3A, B) . Consistent with the inhibition of TOC1 transcription in CCA1-OX plants (Perales and Más 2007) , the H3K4Me3 mark associated with the TOC1 TSS showed reduced amplitude and loss of rhythmicity ( Fig. 4D;  Supplementary Fig. S3C ). Under LL, we detected a stronger dampening of the oscillation pattern of H3K4Me3 associated with CCA1 and LHY, and loss of rhythmicity of this activating mark associated with the TOC1 TSS ( Fig. 4E; Supplementary  Fig. S4A-C) .
Next, we analyzed the circadian pattern of H3K9/14Ac marks in CCA1-OX plants under the same conditions. In SD, H3K9/14Ac associated with the CCA1 and LHY TSSs was highly enriched at times of active transcription but decreased rapidly ( Fig. 4F; Supplementary Fig. S3D, E) , generating a waving pattern with reduced amplitude when compared with the WT. In contrast, H3K9/14Ac enrichment in the TOC1 TSS was very much reduced, with loss of oscillation ( Fig. 4F ; Supplementary  Fig. S3F ). Similar to H3K4Me3 marks, the decrease in amplitude with loss of waving patterns was even more pronounced under LL conditions. We found that H3K9/14Ac marks associated with CCA1, LHY and TOC1 TSSs showed reduced or even loss of rhythmic oscillation ( Fig. 4G; Supplementary Fig. S4D-F) . Moreover, similar to the WT, the overall enrichment in H3K9/ 14Ac marks was higher when compared with H3K4Me3 modifications.
In summary, both H3K4Me3 and H3K9/14Ac marks associated with CCA1, LHY and TOC1 TSSs showed a reduced enrichment in CCA1-OX plants, in agreement with the reduced oscillation patterns of their corresponding transcripts, and this effect was even more pronounced when light/dark entrainment was removed, e.g. under LL conditions. These results suggest that changes in activating H3 marks associated with the core clock genes are affected when circadian function is compromised, and this effect is accentuated in the absence of light/dark cycles.
Acetylation status of H3K9/14 in core clock genes is differently affected by TAF1 and HD1
So far, our results suggest that the interplay between light/dark cycles and circadian clock function results in changes in H3K9/ 14Ac enrichment that are important for the regulation of CCA1, LHY and TOC1 transcription. Therefore, it is reasonable to assume the existence of a dynamic mechanism mediating H3 acetylation/deacetylation under photoperiod and circadian control. Previous reports have uncovered a role for TAF1, a HAT, and HD1, a HDAC, in the regulation of several lightresponsive genes (Bertrand et al. 2005 , Benhamed et al. 2006 . To see whether these two histone modification enzymes are involved in the regulation of the three clock genes, we entrained wild type [Wassilewskija (Ws)], taf1 and hd1 mutant plants in SD and determined CCA1, LHY and TOC1 transcript waving patterns. In comparison with the WT (Ws), taf1 and hd1 mutants showed a very similar oscillation pattern for the three genes, with CCA1/LHY increasing in the early morning (ZT0) and minimal at ZT12. TOC1 waving showed a peak at dusk (ZT8) and a trough at ZT0, although in taf1 mutants there was a small increase in TOC1 transcript at ZT16 (Fig. 5A-C) . Taken together these results suggest that taf1 and hd1 mutants possess a running clock.
Next, we investigated how H3K4Me3 and H3K9/14Ac marks associated with CCA1, LHY and TOC1 were affected in these mutants. As before, we failed to obtain enrichment in any genomic regions outside the TSS (Supplementary Figs. S5-S7 ). In both taf1 and hd1 mutants, H3K4Me3 modifications associated with the CCA1 TSS displayed a waving pattern similar to the WT (Ws) (Fig. 5D, F, H; Supplementary Figs. S5A, S6A, S7A ). (A, B) or free-running conditions (C). In CCA1-OX plants, both the endogenous and transgenic CCA1 transcripts were amplified using CCA1 primers, whereas the endogenous CCA1 transcript was determined using the CCA1 5 0 UTR primers. Relative mRNA levels are represented on a logarithmic scale. (D-G) ChIP analysis of translation start site regions of CCA1, LHY or TOC1 using antibodies against H3K4Me3 (D, E) or H3K9/14Ac (F, G) by quantitative real-time PCR analysis (ACTIN 2/7 as control) under SD (D, F) or free-running conditions (E, G). Error bars represent standard deviation values from two biological replicates, each sample being assayed in triplicate (n = 6). White, black and gray boxes indicate day, night and subjective night, respectively. were detected by quantitative PCR analysis. As internal control, ACTIN2/7, was used for normalization, and error bars represent standard deviation values from two independent biological replicates, each sample being analyzed in triplicate (n = 6). White and black boxes indicate day and night, respectively.
However, in the case of H3K9/14Ac, there was a delay of 4 h in the rate of loss of CCA1 TSS acetylation in hd1 when compared with the WT (Fig. 5E, I ; Supplementary Figs. S5D, S7D) , although the overall circadian oscillation of CCA1 H3K9/14Ac marks remained unaffected. In contrast, changes in H3K9/ 14Ac modifications in taf1 showed a circadian pattern similar to the WT, with a peak at ZT0 and a trough at ZT16 (Fig. 5E, G ; Supplementary Figs. S5D, S6D) . We also determined the circadian oscillation pattern of these H3 marks associated with the LHY TSS. Similarly to CCA1, we failed to detect a significant change in the waving of H3K4Me3 marks in both taf1 and hd1 mutants (Fig. 5D, F, H; Supplementary Figs. S5B, S6B,  S7B ). However, in comparison with the WT, we did not find any delay in H3K9/14Ac associated with the LHY TSS but rather a slight dampening of the wave in hd1 and an opposite small increase in amplitude in taf1 (Fig. 5G, I ; Supplementary  Figs . S5E, S6E, S7E).
As mentioned above, TOC1 transcription is antiphasic to CCA1 and LHY, and this waving pattern was still maintained in both taf1 and hd1 (Fig. 5A-C) . We examined the H3K4Me3 mark at the TOC1 TSS and found no changes in taf1, but a small decrease in these marks at ZT12 in hd1 plants when compared with the WT (Fig. 5D, F, H; Supplementary Figs. S5C, S6C,  S7C ). In the case of H3K9/14Ac enrichment at the TOC1 TSS, the oscillation pattern of hd1 was similar to that of the WT. However, in taf1 plants, we detected dampening of the wave (approximately 2-fold reduction), suggesting a moderate loss in acetylation marks in these mutants (Fig. 5E, G, I ; Supplementary Figs. S5F, S6F, S7F).
Together, our results indicate that TAF1 and HD1 may contribute, to some extent, to TOC1 acetylation and CCA1 deacetylation, respectively. Considering that 12 HAT and 18 HDAC genes have been identified in Arabidopsis (Benhamed et al. 2006) , it is likely that, because of gene function redundancy, prominent changes in H3K9/14 acetylation/deacetylation can be seen only when double/triple mutants are analyzed.
Discussion
Circadian clock function relies on the coordinate action of different molecular events that restrict transcription of circadianregulated genes to specific times of the day. Components of the central oscillator are interlocked in multiple feedback loops in which different regulators affect each other and their own transcription, generating the necessary rhythms underpinning the physiological responses (Bell-Pedersen et al. 2005, Pruneda-Paz and Kay, 2010) . Within the Arabidopsis central oscillator, three major components have been identified, CCA1 and LHY, two Myb-domain transcription factors (Schaffer et al. 1998, Wang and Tobin, 1998) , and TOC1, a PRR (Strayer et al. 2000 , Alabadi et al. 2001 . A perfect time-keeping mechanism critically depends on the transcription of these components at the appropriate circadian times. Recent reports have described findings similar to those described here. Song and Noh (2012) identified H3 activating marks (H3K4Me3 and H3Ac) that associate with CCA1, LHY and TOC1 TSSs at the times of their active transcription under light and dark cycles as well as free-running conditions. They also provided the first evidence of a H3 negative mark (H3K36Me2) that accumulated in the promoter regions of CCA1, LHY and TOC1 at the times of their lowest expression. Here, we have confirmed their findings but also provided further evidence on how dynamic histone modifications affect the expression of these core clock genes. We showed that light and dark maintain the oscillation in chromatin modifications when the clock function is impaired, such as CCA1 overexpression, but the clock gates these modifications to the appropriate times of the day. We also investigated in further detail the acetyltransferases and deacetylases that could account for these events. Taken together, our results considerably extend the existing knowledge and provide a more complete overview of how photoperiod, clock and chromatin remodeling control the daily oscillations of CCA1, LHY and TOC1 transcripts. These findings are discussed in detail below.
Activating H3 marks associated with the TSS of core clock genes
Transcriptional regulation is associated with chromatin modifications including methylation, acetylation and phosphorylation of histone N-terminal tails (Feng et al. 2010 ). We investigated changes in H3 N-terminal tail modifications associated with the genomic loci for the three core components of the central oscillator. Besides their fundamental role in clock function, CCA1, LHY and TOC1 transcript levels oscillate 100-(CCA1 and LHY) to 10-fold (TOC1) between peak and trough. These large fluctuations in transcript levels allowed detection of clear changes in H3 modifications (2-to 18-fold enrichment). For each of these three genes, we interrogated four separate genomic regions, comprising the 5 0 upstream region of the TSS, the TSS, the gene body and the 3 0 UTR. Changes in enrichment in seven different H3 modifications, K4Me3, K9Ac, K14Ac, K9/ 14Ac, K9Me2, K9Me3 and K27Me3, were monitored. We found only activating H3 marks, namely H3K4Me3 and H3K9/14Ac, to be specifically associated with the TSS of CCA1, LHY and TOC1. These results suggest that circadian clock function relies on dynamic chromatin modifications that are hallmarks of actively transcribed sites (Pfluger and Wagner 2007 , Cazzonelli et al. 2009 , Ni et al. 2009 ).
Photoperiod regulates dynamic rhythms of activating H3 marks
Irrespective of the photoperiod used, an increase in transcript levels was accompanied by an enrichment of both H3K4Me3 and H3K9/14Ac, in agreement with previous findings (Song and Noh 2012) . However, we failed to detect any phase advance for histone marks in relation to transcription initiation as previously described (Perales and Más 2007) . Correspondingly, a decrease in transcript level was accompanied by a decrease in H3K4Me3 and H3K9/14Ac marks. However, the accumulation of H3K4Me3 and H3K9/14Ac marks at each TSS followed different oscillatory patterns. H3K9/14Ac marks at CCA1 and LHY TSSs peaked at times of highest transcription but quickly declined, whereas H3K4Me3 accumulation/disappearance greatly overlapped with transcript accumulation. Moreover, we found that under longer photoperiods there was a phase delay in terms of both CCA1/LHY transcription and associated H3 activating marks. This was also the case for TOC1, confirming previous results, although we failed to see any increase in amplitude (Perales and Más 2007) . When compared with CCA1/LHY, H3 modifications associated with the TOC1 TSS displayed a highly similar profile of daily changes that mimicked the oscillation of TOC1 transcripts. These results suggest that proper accumulation of these three core clock transcripts depends on the establishment of activating H3 marks at their TSS, and erasure of these modifications correlates with downregulation of their transcription. The correlation found between circadian-regulated transcription and these H3 modifications has also been described in animals, where rhythmic H3K9/14 acetylation and H3K4 tri-methylation have been shown to overlap and regulate transcription in the clock (Etchegaray et al. 2003 , Naruse et al. 2004 , Katada and Sassone-Corsi 2010 . In fact one of the core components of the mouse central oscillator, CLOCK, is a H3K9/14 HAT whose function is essential for circadian regulation (Doi et al. 2006, Hardin and Yu, 2006) .
We have recently reported that phyA active transcription in the dark was marked by enrichment of activating H3K4Me3, H3K9/14Ac and H3K27Ac at the TSS (Jang et al. 2011) . On the other hand, light-mediated transcriptional repression was accompanied not only by a decrease in these activating marks but also by an increase in the repressive H3K27Me3 mark. The simultaneous implementation of activating and repressive histone marks appears to provide a tight mechanism for a rapid turn on and switch-off of phyA transcription in response to dark and light. In contrast, our results with CCA1, LHY and TOC1 indicate an association between the loss of activating histone marks and transcriptional repression of these genes, since we failed to see any enrichment in the repressive marks tested. However, we did not investigate the enrichment in H3K36Me2 on the promoters of the three core clock genes, which was shown to accumulate at the times of their lowest transcription (Song and Noh 2012) , suggesting a repressive role for this H3 modification.
The circadian clock controls the oscillation pattern of H3K4Me3 and H3K9/14Ac at the TSS of core clock genes
In agreement with a recent report (Song and Noh 2012) , under free-running conditions (LL or DD) the association between H3K9/14Ac and H3K4Me3 and CCA1 and LHY TSSs still displayed a clear waving pattern. For these two genes, changes in the enrichment of these activating H3 marks generally followed the transcript oscillation pattern, but there was a clear wave dampening especially in the second cycle of DD. In the case of TOC1 under DD conditions, the enrichment of H3K9/14Ac and H3K4Me3 showed a similar pattern and mimicked the transcript accumulation. However, under LL conditions, the H3K4Me3 mark oscillated but there was a partial loss of H3K9/14Ac rhythmicity, and we failed to see a complete association between this mark and TOC1 transcript oscillation as has been reported by Song and Noh (2012) . Nevertheless, because oscillation of H3K4Me3 and H3K9/14Ac was still preserved under DD/LL in most cases, our results on the three core clock genes provide evidence of circadian control of changes in these activating H3 marks. Moreover, the dampening of the H3 modification wave form suggests that light/dark cycles may contribute to the relative enrichment level of the activating H3 marks.
To distinguish the relative contribution of the circadian clock and photoperiod to the regulation of these activating histone modifications, we analyzed H3K4Me3 and H3K9/14Ac in CCA1-OX plants grown under SD or LL conditions (Wang and Tobin 1998) . H3 modifications associated with CCA1/LHY still oscillated under SD, similar to their transcripts, albeit with the same different dynamics that we found in the WT. However, the H3 modification waving pattern was lost under free-running conditions, mimicking the repression in CCA1/ LHY transcription (Wang and Tobin 1998) . Consistent with TOC1 repression in CCA1-OX plants (Perales and Más, 2007) , H3 modifications displayed a significant wave dampening under SD and a loss of rhythmicity under LL. These results suggest that the coordinate action of photoperiod and circadian clock function accounts for H3K4Me3 and H3K9/14Ac dynamics at the TSSs of the three core clock genes. A reasonable hypothesis is to assume that photoperiod might set in motion these dynamic changes but the circadian clock gates them to the appropriate times of the day when each gene is transcribed.
Dynamic acetylation/deacetylation of H3K9/14 accounts for proper expression of core circadian genes Our analysis of the three core clock genes uncovered two major acetylation patterns at these loci: (i) for the morning regulators CCA1/LHY, H3K9/14Ac peaks quickly but transiently at times of highest transcription and (ii) for the evening gene TOC1, H3K9/ 14Ac accumulates steadily until reaching the time of highest transcription and then slowly disappears from this locus. These patterns suggest the existence of opposing action of H3 acetylase or deacetylase regulated by the circadian clock. In animals these opposite processes lay quite close to the central oscillator, with CLOCK promoting acetylation of H3K9/14 and SIRT1 (a HDAC) deacetylating these H3 marks (Doi et al. 2006 , Nakahata et al. 2008 . Moreover, the SIRT1/CLOCK complex is required for proper acetylation rhythms and circadian regulation of chromatin remodeling (Nakahata et al. 2008) . In Arabidopsis, TAF1 (a HAT) and HD1 (HDAC1) were shown to regulate expression of light-responsive genes by promoting H3K9 acetylation/deacetylation, respectively (Bertrand et al. 2005 , Benhamed et al. 2006 . Recently, we showed that HD1 is one of the deacetylases involved in the transcriptional repression of the phyA locus in the light (Jang et al. 2011) . Therefore, we investigated whether the circadian rhythms of H3K9/14Ac at TSSs of the three clock genes were TAF1 or HD1 dependent. We found that CCA1, but not LHY, deacetylation was slowed down in hd1 mutants, suggesting differential regulation of the two genes by different HDACs. In the case of TOC1, there was some dampening of the H3K9/14Ac oscillation in taf1 plants, indicating a modest impairment of these activating H3 marks. The small effect of these mutants is not surprising since Arabidopsis encodes about 18 HDACs and at least 12 HATs (Benhamed et al. 2006) which are likely to be functionally redundant.
Circadian regulation and histone cross-talk
Our results show a similar circadian profile between H3K4Me3 and H3K9/14Ac at the TSSs of the three clock genes under different photoperiods and free-running conditions. Moreover, disruption of the circadian clock and loss of photoperiod regulation equally affected these waving patterns, suggesting the existence of a cross-talk between H3K4Me3 and H3K9/14Ac modifications, as has been previously reported in plants, yeast and animal cells (Lee et al. 2010 , Jang et al. 2011 . Recently, the mouse histone methyltransferase MLL1 was shown to interact with CLOCK. The CLOCK/MLL1 complex promotes cyclic and sequential H3K4 methylation and H3K9/ 14 acetylation critical for proper transcriptional activity of CLOCK and circadian gene expression (Katada and SassoneCorsi 2010) . This and our results provide the first line of evidence of histone cross-talk and clock function. Although our work here provides an overview on the circadian regulation of these activating H3 marks, future identification of the H3-modifying enzymes and associated factors is needed to deepen our mechanistic understanding of circadian regulation and their effect on Arabidopsis clock function.
Materials and Methods
Plant material and growth conditions
All analyses were carried out using wild-type Arabidopsis thaliana ecotype Columbia (Col-0) or Ws. The following mutant alleles were used: haf2-1 (Bertrand et al. 2005 ) and athd1-t (Tian et al. 2003) in the Ws background. CCA1-OX (Wang and Tobin, 1998) was in the Col-0 background. Seeds stratified at 4 C for 72 h were germinated on Murashige and Skoog (MS) medium supplemented with sucrose (1%). Seedlings were grown for 18-22 d in a growth chamber under SD (8 h light : 16 h dark) or LD (16 h light : 8 h dark) conditions at 21 C under white light (120 mmol m À2 s
À1
). Samples were harvested at the indicated ZTs for a period of 24 h. Each experiment was repeated at least twice with independent biological material.
RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from about 0.1 g of seedlings using the RNeasy Plant Mini Kit (Qiagen). RNA was treated with DNase I (Qiagen) on the column, and 1.5-2.0 mg of RNA was used for cDNA synthesis using Superscript III reverse transcriptase (Invitrogen) with oligo(dT) primers. cDNA was added to 20 ml of PCR buffer containing SYBR Premix Ex Taq (TAKARA) and fluorescence detected using a CFX96 Real-Time System (Biorad) starting with 30 s at 95 C, followed by 40 cycles of 95 C (5 s), 60 C (30 s). A 10 s 95 C step preceded the melt curve step (from 65 to 95 C, at increments of 0.5 C for 5 s). Primer pairs used for CCA1, LHY and TOC1 were according to Ding et al. (2007) . The primer pair for ACTIN2 has been described by Ni et al. (2009) . Each RNA sample was assayed in triplicate. Expression levels were calculated relative to ACTIN2 using a comparative threshold cycle (Ct) method with ÁÁCt = (Ct,sample -Ct,actin2)ZT x -(Ct,sample -Ct,actin2)ZT y, where ZT x is any ZT and ZT y represents the 1x expression of the target gene normalized to ACTIN2.
Chromatin immunoprecipitation
About 2.5 g of seedlings was collected at the indicated ZTs and immediately cross-linked with 37 ml of 1% (v/v) formaldehyde under vacuum for 10 min. ChIP analysis was performed as described (Jang et al. 2011) . Antibodies used were antiH3K4Me3 (Active Motif, 39159), anti-H3K9Me2 (Millipore, 07-441), anti-H3K9Me3 (Active Motif, 39161), anti-H3K27Me3 (Active Motif, 39155), anti-H3K9Ac (Millipore, 07-352), anti-H3K14Ac (Millipore, 07-353), anti-H3K9/14Ac (Millipore, 06-599) and anti-H3S10p (Diagenode, CS-116-100).
ChIP quantitative real-time PCR analysis
Quantitative PCR was performed to determine the amounts of genomic DNA immunoprecipitated in the ChIP experiments. A 1 ml aliquot of recovered DNA was added to 20 ml of PCR buffer containing SYBR Premix Ex Taq (TAKARA) and fluorescence detected using a CFX96 Real-Time System (Biorad) starting with 30 s at 95 C, followed by 40 cycles of 95 C (5 s), 55 C (30 s). A 10 s 95 C step preceded the melt curve step (from 65 to 95 C, at increments of 0.5 C for 5 s). Each sample was assayed in triplicate, and enrichment levels were calculated relative to ACTIN2/7 using a comparative Ct method with ÁÁCt = (Ct,sample -Ct,actin2/7)ZT x -(Ct,sampleCt,actin2/7)ZT y, where ZT x is any ZT and ZT y represents the 1x enrichment of the TSS fragment (amplified by primer pair 2) normalized to ACTIN2/7. Primers pairs used were: ACTIN2/7 as described by Johnson et al. (2002) and the primers listed in Supplementary Table S1 for CCA1, LHY and TOC1.
Genotyping of mutant lines
Genotyping of the haf2-1 and athd1-t lines was performed using previously published primer pairs and PCR programs (Tian et al. 2003 , Bertrand et al. 2005 .
Supplementary data
Supplementary data are available at PCP online.
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